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Abstract

In this study, we examined the capacity of a biomimetic pullulan—collagen hydrogel to create a
functional biomaterial-based stem cell niche for the delivery of mesenchymal stem cells (MSCs)
into wounds. Murine bone marrow-derived MSCs were seeded into hydrogels and compared to
MSCs grown in standard culture conditions. Hydrogels induced MSC secretion of angiogenic
cytokines and expression of transcription factors associated with maintenance of pluripotency and
self-renewal (Oct4, Sox2, KIf4) when compared to MSCs grown in standard conditions. An
excisonal wound healing model was used to compare the ability of MSC-hydrogel constructs
versus MSC injection alone to accelerate wound healing. Injection of MSCs did not significantly
improve time to wound closure. In contrast, wounds treated with MSC-seeded hydrogels showed
significantly accelerated healing and a return of skin appendages. Bioluminescence imaging and
FACS analysis of luciferase+/GFP+ MSCs indicated that stem cells delivered within the hydrogel
remained viable longer and demonstrated enhanced engraftment efficiency than those delivered
via injection. Engrafted MSCs were found to differentiate into fibroblasts, pericytes and
endothelial cells but did not contribute to the epidermis. Wounds treated with MSC-seeded
hydrogels demonstrated significantly enhanced angiogenesis, which was associated with increased
levels of VEGF and other angiogenic cytokines within the wounds. Our data suggest that
biomimetic hydrogels provide a functional niche capable of augmenting MSC regenerative
potential and enhancing wound healing.

Keywords
Mesenchymal stem cell; Hydrogel; Wound healing; Growth factors

1. Introduction

Mesenchymal stem cells (MSCs) have shown beneficial effects in preclinical models of
wound healing and in preliminary clinical case reports by accelerating wound closure,
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improving neovascularization, and reducing scar formation [1-6]. While the specific
mechanism for MSC-mediated improvements in wound healing has not been fully
elucidated, a significant role for paracrine interactions in this process has been proposed
[7,8]. The role of MSC differentiation into different cell types within the wound
environment has been less well established partially due to the small number of transplanted
cells that persist within the wound over time. The lack of significant MSC engraftment at
sites of injury is thought to be a major limiting factor of current MSC-based therapeutics [9].

The problem of low MSC engraftment is not unique to wounds and has plagued the
therapeutic application of MSCs in numerous models of tissue injury. Despite variable
degrees of enhanced tissue repair, MSCs administered systemically have shown long-term
engraftment rates of less than 3% in injury models of the pancreas [10], heart [11], kidney
[12] and liver [13]. Delivery of MSCs via local injection to cutaneous wound sites has
similarly demonstrated low engraftment efficiency [1]. The capacity of MSC-based
treatments to exhibit therapeutic efficacy despite such low engraftment efficiency has
spurred efforts to improve cell delivery methods in hope of maximizing the regenerative
potential of MSCs.

The use of collagen matrices to deliver MSCs in animal models of myocardial infarction has
shown promise in augmenting cell engraftment and improving functional endpoints [14,15].
Similarly, an injectable collagen-based matrix was used to successfully increase the
engraftment efficiency of endothelial progenitor cells and upregulate local angiogenesis in a
rodent hindlimb ischemia model [16]. These and other tissue engineering-based strategies
have suggested that the use of biomaterial-based scaffolds for cell delivery may not only
enhance cell viability but can also promote cell proliferation and actively contribute to MSC
fate determination [17].

We and others have previously proposed that the ultimate solution to pathologic healing is
delivery of multipotent cells in the context of appropriate environmental cues [18,19]. The
use of acellular dermal matrices for stem cell delivery into wounds has shown promise in
directing skin-specific regeneration [20]. However, the problems associated with natural
biomaterials including cost, availability, seeding and the theoretical risk of disease
transmission prompted us to examine synthetic biomaterials that could recapitulate the
beneficial structural, mechanical and chemical properties of skin without these problems.

Hydrogels are an ideal physicochemical mimetic of natural extracellular matrix (ECM) as
the hygroscopic nature of ECM is one of its key properties [21]. Additionally, a wide array
of commercially available hydrogel products are already used for wound dressings, thus
potentially accelerating the translation of this technology into the clinic. In this study, we
utilize a biomimetic hydrogel scaffold previously developed by our laboratory to deliver
MSCs into wounds within a three-dimensional dermal-like microenvironment. We have
previously demonstrated that this composite collagen-pullulan hydrogel is non-cytotoxic,
recapitulates key features of fetal (scarless) healing, and promotes granulation tissue
formation through vascular induction [22]. This cell-biomimetic matrix approach for stem
cell delivery may be a promising clinical strategy for maximizing the therapeutic potential of
MSCs for cutaneous wound healing.

Biomaterials. Author manuscript; available in PMC 2014 April 23.
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2. Materials and methods

2.1. Animals

All mice were housed in the Stanford University Veterinary Service Center in accordance
with NIH and institution-approved animal care guidelines. All procedures were approved by
the Stanford Administrative Panel on Laboratory Animal Care.

2.2. Bone marrow-derived MSC isolation

Luciferase+/GFP+ bone marrow-derived MSCs were isolated as previously described [23].
Briefly, bone marrow was flushed from the tibias and femurs of 8-12 week old male FVB-
luc-eGFP transgenic mice (generous gift of Dr. Christopher Contag) into a suspension of 1%
fetal bovine serum (FBS, Invitrogen, Carlsbad, CA) in phosphate buffered saline (PBS,
Invitrogen). Cells were then passed through a 100 um filter and plated on plastic tissue
culture dishes in Dulbecco’s Modified Eagle’s Medium (DMEM, Invitrogen) supplemented
with 10% FBS and 1% penicillin-streptomycin (Invitrogen). Media was changed 48 h after
initial plating to remove all non-adherent cells, and MSCs were selected out by plastic
adherence. Cells were used at passages 3 to 6 for all experiments.

2.3. Hydrogel fabrication

Collagen-pullulan hydrogels were fabricated as previously described [22]. Briefly, a
composite mixture of 2 g pullulan (Hayashibara Laboratories, Okayama, Japan), 2 g sodium
trimetaphosphate (Sigma—Aldrich) and 2 g KCI (Sigma—Aldrich) in H,O was mixed with
5% (w/w) rat tail collagen I (Sigma—Aldrich). The mixture was poured onto sheets and
compressed to create 2 mm-thick films. Films were dehydrated in 100% ethyl alcohol and
dried for 12 h. Dried films were washed in PBS until a wash pH of 7.0 was reached.

2.4. Cell seeding and in vitro analyses

Single cell suspensions of 2.5 x 10° MSCs in 100 pL of media were added dropwise to pre-
cut 6 mm hydrogel scaffolds and incubated at 37 °C in 5% CO». Imaging of MSCs seeded
on scaffolds with variable pressure SEM was performed as previously described [22]. A
live/dead assay was used to assess cell viability of MSCs seeded within hydrogels for 1, 3, 7
or 14 days per manufacturer’s instructions (Live/Dead Double Staining Kit, Calbiochem,
Gibbstown, NJ). Images were obtained with fluorescence microscopy (Zeiss Axioplan 2
Imaging, Carl Zeiss, Inc., Thornwood, NY) with band-pass filters set to detect FITC and
Texas Red.

To assess the capacity of MSCs to migrate through the hydrogel matrix, a transwell
migration assay was performed using the 8.0 um HTS Transwell-96 permeable support
(Corning Life Sciences — Axygen, Inc., Union City, CA) and mouse PDGF-BB (10 ng/mL,
Abcam Inc., Cambridge, MA) as the chemotactic stimulant (n = 6). Hydrogel scaffolds were
placed within the top chamber of the transwell support so that the permeable membrane
separating the two chambers was completely covered by the hydrogel matrix. Twenty-four
hours after MSC seeding, membranes were removed and fixed in 4% paraformaldehyde.
Cell nuclei were stained with Vectashield Mounting Medium with DAPI (Vector
Laboratories, Burlingame, CA).
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An MTT assay was used to assess MSC proliferation as described previously [24].

2.5. Real-time quantitative PCR analysis

MSCs were seeded into scaffolds or plated into each well of a 6-well plate and incubated at
37 °C in 5% CO5, for 24 h (n=7). Total RNA was harvested from MSCs within scaffolds as
described previously [25] (RNeasy Plant Mini kit, Quiagen, Germantown, MD) and from
plated MSC cultures (RNeasy Mini kit, Qiagen). Extracted RNA underwent reverse
transcription (Superscript First-Strand Synthesis kit, Invitrogen) and real-time gPCR
reactions were performed using 2x Universal Tagman PCR Master Mix (Applied
Biosystems, Foster City, CA) and Tagman gene expression assays for Pou5f1 (Oct4,
MmO00658129 g1), Sox2 (Mm00488369 s1), KlIf4 (Kruppel-like growth factor 4,
MmO00516104_m1), Vegf-a (Vascular endothelial growth factor-A, Mm01281447_m1), Ccl2
(Monocyte chemoattractant protein-1/Mcp-1, Mm00441242_m1), Fgf-1 (Fibroblast growth
factor-1, Mm00438906_m1), Cxcl12 (Stromal cell-derived factor-1/Sdf-1,
MmO00445553_m1), Angpt2 (Angiopoietin 2, Mm00545822_m1), Hgf (Hepatocyte growth
factor, Mm01135193_m1), Angptl (Angiopoietin 1, Mm00456503_m1), Igf-1 (Insulin-like
growth factor-1, Mm00439560_m1), and Fgf-2 (Fibroblast growth factor-2,
Mm00433287_m1) using a Prism 7900HT Sequence Detection System (Applied
Biosystems, Carlshad, CA). Levels of Actb (Beta actin, Mm01205647_g1) were quantified
in parallel as an internal control, and gene expression was normalized accordingly.

2.6. Western blotting

Total protein was isolated from MSCs seeded onto hydrogels or plated for 24 h (n = 4) and
separated on a 4-12% polyacrylamide gel (Invitrogen) followed by transfer to a
nitrocellulose membrane (Invitrogen). Anti-Oct4 (1:800), anti-Sox2 (1:1000) anti-KIf4
(1:700) and anti-p-actin (1:3000) were used as primary antibodies. An HRP-conjugated
secondary antibody was used (1:10,000) and detected using the ECL Plus Western Blotting
Detection Kit (GE Healthcare, Waukesha, WI). All antibodies were purchased from Abcam
Inc.

2.7. Immunofluorescence

2.8. ELISA

MSCs seeded onto coverslips or onto pre-cut 6 mm hydrogel scaffolds for 24 h were fixed in
4% paraformaldehyde for 1.5 h then incubated with primary antibodies against Oct4 (1:200),
Sox2 (1:500) or KIf4 (1:500) followed by AlexaFluor 594-conjugated secondary antibody
(Invitrogen). Cell nuclei were stained with DAPI.

Conditioned media was collected from MSCs seeded onto hydrogels or plated in wells of a
96-well plate after 24 h (n = 8). Protein levels of VEGF-A and MCP-1 were quantified using
the mouse Quantikine ELISA Kit (R&D Systems, Minneapolis, MN).

2.9. Excisional wound healing model

Eight to twelve-week old female C57BI/6 mice (Jackson Laboratories, Bar Harbor, ME)
were randomized to four treatment groups: no treatment, hydrogel alone, local MSC
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injection, or MSC-seeded hydrogel treatment (n = 12 wounds per treatment group). A
stented excisional wound healing model was used as previously published [26]. Briefly,
after induction of anesthesia, the dorsal surface of the mouse was shaved and depilated. Two
6 mm full thickness wounds were created on either side of the midline. Wounds were
circumscribed by donut-shaped silicone splints held in place using 6-0 nylon sutures to
prevent wound contraction. For the MSC injection group, 2.5 x 10° luc+/GFP + MSCs
suspended in 80 uL of PBS were injected subcutaneously at four equidistant points around
the wound edge. For the hydrogel alone and MSC-seeded hydrogel groups, hydrogel
scaffolds that were either unseeded or seeded with 2.5 x 10° luc+/GFP + MSCs 24 h prior to
wounding were washed in sterile PBS three times prior to being placed within each wound.
All wounds were covered with an occlusive dressing (Tegaderm, 3M, St. Paul, MN). Digital
photographs were taken at days 0, 1 and every other day after, and wound area was
measured using Image J software (NIH, Bethesda, MD). Percent of original wound area was
defined as: (wound area on day 1 — wound area day “X”)/(wound area on day 1) x 100.
Wound closure was determined through assessment of digital wound images by three
blinded evaluators.

bioluminescence imaging

Bioluminescence imaging was used to assess viability of delivered MSCs in vivo. Mice
treated with subcutaneous MSC injection or MSC-seeded hydrogels (n = 14) were injected
intraperitoneally with 150 mg/kg o-luciferin (Biosynth International, Inc., Itasca, IL) in PBS.
Mice were anesthetized and images were obtained after 10 min with a cooled CCD camera
using the Xenogen IVIS 200 System (Caliper Life Sciences, Mountain View, CA).
Bioluminescence of a set region of interest centered on each wound was subtracted from
background luminescence and quantified as units of total flux (photons per second) using
Living Image Software (version 3.2, Caliper Life Sciences).

2.11. Histologic analysis

Wounds were harvested and immediately embedded in OCT (Sakura Finetek USA, Inc.,
Torrance, CA) or fixed in 4% paraformaldehyde overnight and embedded in paraffin. For
histologic localization of GFP + cells, paraffin sections were cleared in xylenes for 10 min
then rehydrated and stained with DAPI. Paraffin sections were stained with hematoxylin and
eosin (H&E, Sigma—Aldrich). Seven micron-thick frozen sections were fixed in acetone at
—20 °C twice for 10 min and immunostained using antibodies against Hsp47 (1:1000),
cytokeratin 5 (1:300), NG2 (1:100), or CD31 (1:200, BD Biosciences). GFP + MSCs were
labeled with FITC-conjugated antibody against GFP (1:100). All antibodies were purchased
from Abcam Inc. unless otherwise indicated. For dermal microvessel counts, luminal
structures containing red blood cells were considered microvessels. For each condition, four
high power fields at 400x were examined for three separate wound samples by three
independent blinded observers. Frozen sections were stained to assess wound vasculature
with a phycoerythrin-conjugated antibody to CD31 (1:100, Abcam). Nuclei were stained
with DAPI. ImageJ was used to binarize immunofluorescent images taken with the same
excitation, gain and exposure settings as previously described [27]. Intensity threshold
values were set automatically and quantification of CD31 staining was determined by pixel-
positive area normalized to dermal area.
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2.12. Flow cytometry

For quantification of GFP + MSC engraftment in wounded skin, four to six wounds and 2
mm of surrounding skin were excised at day 7, 14 and 28 post-wounding. Tissue was
minced and incubated in 0.5 mg/mL Liberase TL (Roche Applied Science, Indianapolis, IN)
for 1 h at 37 °C. Appropriate isotype controls, unstained cells, and untreated wounds were
used as controls. Flow cytometry was performed on a BD FACSAria cell sorter (BD
Biosciences) and subsequently analyzed using FlowJo digital FACS software (Tree Star,
Inc., Ashland, OR). Aggregated cells were excluded, and background autofluorescence in
untreated wounds was subtracted from each treated sample to determine the percentage of
GFP + cells in wounds.

2.13. Wound angiogenic cytokine quantification

Wounds were harvested at day 3, snap frozen in liquid nitrogen and stored at —80 °C.
Protein was isolated from wounds using RIPA buffer (Sigma—Aldrich), and angiogenic
cytokine protein levels were quantified using the Mouse Angiogenesis Array Kit (R&D
Systems). Pixel density of each spot in the array was quantified using ImageJ.

2.14. Statistical analysis

All values are expressed as mean = SEM. Statistical significance was determined using the
student’s unpaired t test. A p value < 0.05 was considered statistically significant.

3. Results

3.1. Hydrogel biocompatibility

To assess the feasibility of our previously developed collagen-pullulan hydrogel system as a
delivery vehicle for MSCs, we evaluated cell morphology, viability, proliferation and
migratory capacity of MSCs cultured within the hydrogels in vitro. MSCs attached to
pullulan—collagen hydrogels and conformed to the scaffold’s three-dimensional topography
(Fig. 1A). The majority of cells exhibited a rounded morphology and clustered around the
hydrogel pores. MSCs seeded within the hydrogels remained greater than 94% viable for up
to two weeks in vitro (Fig. 1B). The capacity of MSCs seeded statically on top of hydrogel
scaffolds to migrate through the hydrogel matrix was assessed using a transwell migration
assay. Twenty-four hours after MSC seeding, a large number of GFP + MSCs were
visualized on the permeable membrane separating the two chambers of the transwell
support, indicating that MSCs are capable of migrating through the hydrogel (Fig. 1C).

Proliferation of MSCs seeded within the pullulan—collagen hydrogel was compared to MSCs
grown in standard two-dimensional cell culture (Fig. 1D). While MSCs cultured on tissue
culture plastic demonstrated a normal steady increase in metabolic activity associated with
cellular proliferation, MSCs seeded with hydrogel scaffolds showed minimal proliferation
over a period of seven days. Given that there was no significant cytotoxicity observed with
hydrogel culture conditions, these data suggest that the hydrogel induces MSC quiescence
and thus may act as a functional niche for this stem cell population.

Biomaterials. Author manuscript; available in PMC 2014 April 23.
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3.2. Effect of hydrogel culture on MSC stemness and cytokine secretion

To further investigate changes in the stem cell characteristics of MSCs seeded within three-
dimensional hydrogel microenvironments versus MSCs plated onto a standard two-
dimensional cell culture dish, we performed real-time PCR analysis of MSCs in their
respective in vitro conditions (Fig. 2A). MSCs cultured within hydrogels exhibited a
significant increase in the relative expression of transcription factors associated with self-
renewal and pluripotency including Oct4 (4.95 + 0.89, p = 0.01), Sox2 (2.00 + 0.30, p<
0.05), and KIf4 (1.47 £ 0.21, p = 0.04) compared to MSCs in standard cell culture. Western
blotting and immunofluorescence staining confirmed the increase in protein levels of these
stemness-related transcription factors in MSCs cultured within the hydrogel compared to
those plated under standard two-dimensional conditions (Fig. 2B-D).

The gene expression of key wound healing cytokines by MSCs within the hydrogel was also
evaluated (Fig. 3). Vascular endothelial growth factor-A (Vegf-a) gene expression was
significantly induced by culture within the hydrogel (9.82 + 4.10, p < 0.05, Fig. 3A).
Similarly, increased relative expression of monocyte chemoattractant protein-1 (Mcp-1, 7.72
+ 2.58, p = 0.02) was seen in MSCs seeded within a hydrogel compared to those cultured
under standard conditions. There was no significant difference in the gene expression of
Fof-1, Sdf-1, Angpt2, Hof, Angptl, 1gf-1 or Fgf-2 in MSCs grown in either hydrogel or
standard culture conditions. To confirm the transcriptional data, we performed ELISAS on
conditioned media from both culture conditions. Significantly increased protein levels of
both VEGF-A and MCP-1 were found in conditioned media from MSCs within hydrogels
compared to those plated in standard conditions (p < 0.05, Fig. 3B, C). The augmentation of
MSC pluripotency-related transcriptional profile and angiogenic cytokine secretion suggests
that use of this hydrogel scaffold for MSC delivery may be an effective strategy to enhance
MSC-mediated wound regeneration.

3.3. MSC-seeded scaffold treatment of wild-type murine wounds

To assess the therapeutic efficacy of these MSC-hydrogel constructs in vivo, we utilized a
murine model of normal wound healing. Wounds healed significantly faster when treated
with MSC-seeded scaffolds compared to local injection of MSCs or no treatment (Fig. 4A,
B). Wounds treated with an unseeded hydrogel scaffold alone showed improved early
healing but no difference in time to wound closure as we previously reported (data not
shown) [22]. There was a significant acceleration of wound healing at day five in both the
local MSC injection (56.8 £ 3.2% original wound area, p = 0.03) and the MSC-seeded
scaffold (50.7 £+ 3.3%, p = 0.002) groups compared to untreated wounds (69.2 + 4.3%).
However, this early difference in the MSC injection group did not lead to significant
differences in time to complete wound closure when compared to untreated wounds.
Wounds treated with MSC-seeded scaffolds continued to show significantly improved
healing at all time points compared to other treatment groups. MSC-seeded scaffold-treated
wounds healed nearly two days faster compared to no treatment in normal (i.e. hon-diabetic)
animals (day 10.2 £ 0.3 vs. 12.0 + 0.5, p = 0.003). In addition to accelerated wound closure,
MSC-seeded scaffold-treated wounds demonstrated more regenerative-live healing with
improved skin architecture including a greater return of hair follicles and sebaceous glands
(Fig. 4C).

Biomaterials. Author manuscript; available in PMC 2014 April 23.
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3.4. Assessment of MSC viability and engraftment in vivo

To determine whether the improvements in wound closure were mediated by enhanced MSC
viability, we performed bioluminescence imaging on wounds treated with MSCs expressing
luciferase (Fig. 5A, B). At 1 h post-wounding, we already observed a decrease in MSC
viability following local injection compared to those that were delivered within a hydrogel
scaffold (total flux 7.9 x 105 + 1.7 x 105 vs. 1.9 x 10% + 5.2 x 105, p = 0.06). The total
bioluminescence within the wound was significantly higher in the scaffold-delivery group
compared to the injection group at all days examined through day 28 (p < 0.05). These data
suggest that MSC delivery via a hydrogel scaffold is superior to local injection strategies for
maintaining stem cell survival in wounds.

To further investigate MSC engraftment, wound sections were analyzed using
immunofluorescence to localize GFP + MSCs within healed wounds at day 14 post-
wounding. Fewer GFP + cells were found in wounds treated with injected cells compared to
MSC-seeded hydrogel-treated wounds (Fig. 5C). GFP + MSCs in both treatment groups
were localized predominantly to the deep dermis surrounding blood vessels and hair
follicles. Flow cytometry of wound lysates at days 7 and 14 post-wounding corroborated the
histological analyses demonstrating a significantly higher percentage of GFP + cell
engraftment with hydrogel delivery compared to local injection (Fig. 5D, day 7, 8.47
1.35% GFP + cells vs. 2.86 + 1.07%, p = 0.008; day 14, 5.63 + 0.88% vs. 0.57 £ 0.33%, p =
0.0002). By day 28 post-wounding, the percentage of GFP + cells within the wounds in both
groups decreased further and was no longer significantly different based on flow cytometric
analysis (0.46 + 1.14% MSC-seeded scaffold vs. 0.29 + 0.94% local MSC injection, p =
0.90).

3.5. MSC differentiation in vivo

Having established that MSCs engraft within the wounds, co-localization of GFP with
various cell-specific markers was performed on healed wounds at day 14 post-wounding to
assess MSC differentiation in vivo (Fig. 6). Using Hsp47 as a fibroblast marker [28], 40.7 +
11.0% of GFP + cells delivered into wounds via a hydrogel scaffold appeared to have
differentiated into dermal fibroblasts (Fig. 6A). No GFP + cells were found within the
healed epidermis indicating that MSCs delivered within the hydrogel scaffolds had not
differentiated into keratinocytes (Fig. 5B). Co-staining for GFP and the pericyte marker
NG2 [29] demonstrated that 38.7 + 8.0% of MSCs had differentiated into pericytes (Fig.
6C). A smaller percentage (12.5 + 4.6%) of GFP + MSCs were found to coexpress the
endothelial cell-specific marker CD31 (Fig. 6D). Altogether, more than half of all GFP +
cells within healed wounds were associated with the vasculature.

3.6. Wound vascularization

Excisional wounds treated with either injected or hydrogel-delivered MSCs appeared
grossly more vascular than untreated wounds (data not shown). To characterize wound
vascularization, the number of dermal microvessels were counted in H&E-stained sections
of healed day 14 wounds (Fig. 7A, B). There was a moderate increase in the number of
microvessels in wounds treated with local injection of MSCs (4.3 £ 0.4 vessels per hpf vs.
2.8 £0.5, p=0.03), but neovascularization was further augmented when MSCs were

Biomaterials. Author manuscript; available in PMC 2014 April 23.
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delivered within the biomimetic scaffold (8.0 = 0.7 vessels per hpf; vs. untreated p = 1.2 x
1077; vs. injection p = 3.0 x 107°). The increase in vascularization seen in MSC-seeded
hydrogel-treated wounds was confirmed with CD31 immunofluorescent staining (Fig. 7C,
D). There was no significant difference in CD31 staining intensity in wounds treated with
local MSC injection compared to untreated wounds (4121 £ 1500 vs. 2211 + 901 pixels, p =
0.34). CD31 staining was significantly increased in wounds treated with MSC-seeded
scaffolds compared to untreated wounds (6416 = 741 vs. 2211 + 901 pixels, p = 0.02).

To assess the role of pro-angiogenic cytokines in the MSC-mediated improvements in
vascularization, protein was isolated from wounds at day 3, and cytokine levels were
quantified using a mouse angiogenesis array (Fig. 7E, F). We first looked at those
angiogenic cytokines whose gene expression was induced by hydrogel culture in vitro (Fig.
7E). There was no significant difference in MCP-1 protein levels in untreated wounds
compared to wounds treated with local MSC injection (0.60 £ 0.04 vs. 0.52 + 0.04 relative
pixel density compared to positive control, p = 0.17). Wounds treated with MSC-seeded
hydrogels had significantly higher levels of MCP-1 compared to untreated controls (0.76 +
0.10 vs. 0.52 + 0.04, p = 0.05), although the difference in MCP-1 protein levels in MSC-
seeded hydrogel-treated and local MSC injection-treated wounds was not significant (p =
0.15). Local injection of MSCs did not appreciablyalter protein levels of VEGF-A or VEGF-
B in wounds (VEGF-A 0.04 + 0.005 vs. 0.05 £ 0.09, p = 0.48; VEGF-B 0.03 + 0.007 vs.
0.03 + 0.006, p = 0.95). However, wounds treated with MSC-seeded hydrogels
demonstrated significantly increased VEGF-A (0.13 = 0.04, p = 0.06 vs. untreated, p < 0.05
vs. MSC injection) and VEGF-B (0.09 = 0.02, p = 0.03 vs. untreated and MSC injection)
compared to both untreated and local MSC injection-treated wounds.

Several other pro-angiogenic factors were found to be differentially expressed when MSCs
were delivered via injection versus hydrogel scaffolds (Fig. 7F). FGF-1 protein levels in
MSC-seeded scaffold-treated wounds (0.26 + 0.01) were significantly higher than those
found in untreated (0.17 £ 0.03, p < 0.05) and local MSC injection-treated wounds (0.21 +
0.01, p=0.02). Similarly, the matrix metalloproteinases MMP-8 and MMP-9 were found at
significantly higher levels in wounds treated with MSC-seeded scaffolds (MMP-8: 0.62 +
0.01; MMP-9: 0.91 + 0.01) compared to untreated (MMP-8: 0.30 + 0.05, p = 0.002; MMP-9:
0.61 + 0.05, p=0.002) and local MSC injection-treated wounds (MMP-8: 0.34 + 0.06, p =
0.004; MMP-9: 0.76 + 0.04, p = 0.007). These data suggest that the induction of VEGF and
other key cytokines by our MSC-seeded hydrogel translates to significantly augmented
vascularization through multiple angiogenic pathways.

4. Discussion

In this study, we utilize a biomimetic hydrogel scaffold to effectively deliver MSCs into
cutaneous wounds. Our tissue engineering approach to MSC-based wound therapy enhances
the stemness properties of these cells as well as their capacity to secrete cytokines critical to
healing. Compared to local MSC injection, delivery of MSCs within a pullulan—collagen
hydrogel scaffold accelerates wound healing, improves stem cell survival and promotes
angiogenesis.
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Previous studies have demonstrated the capacity of hydrogel systems to support the self-
renewal of embryonic stem cells (ESCs) and to maintain these cells in their undifferentiated
state [30,31]. While these synthetic matrices have provided a means of circumventing feeder
layers for ESC culture, adult MSCs do not require culture on feeder layers. However, the
loss of stem-like properties and spontaneous differentiation of MSCs over time in standard
in vitro conditions has been described [32], which dilutes the multipotency of the population
and may diminish the capacity of these cells to contribute pro-regenerative paracrine factors
and to replenish multiple cell types within wounds. Our findings demonstrate that culture of
MSCs within a hydrogel system can maintain their stemness properties and thus functions as
a synthetic equivalent of the stem cell niche.

The powerful role of MSCs as paracrine effectors has been demonstrated in previous studies
[7]. We demonstrate here that the structural microenvironment can significantly alter MSC
behavior and can be used to manipulate their cytokine secretion profile. VEGF-A and
MCP-1 both contribute significantly to the angiogenic response post-wounding [33,34], and
a biomaterial approach to enhance the secretion of these important cytokines would likely be
useful in pathologic healing conditions. Further, both VEGF-A and MCP-1 have been
implicated in the trafficking of MSCs to sites of injury [35,36], thus potentially enabling
delivered exogenous MSCs to effectively recruit endogenous stem cells. While the
mechanism responsible for this upregulation of angiogenic cytokines and stemness factors is
currently under investigation, it is possible that the hydrogel microenvironment is hypoxic
relative to standard culture in ambient conditions. Hypoxic preconditioning has been
previously shown to upregulate MSC expression of both Vegf [37] and Oct4 [38] and can
enhance MSC survival and regenerative potential in vivo [39]. Future experiments will be
aimed at further defining the hydrogel microenvironment and elucidating the mechanisms
behind the hydrogel-induced enhancement of MSC regenerative potential.

The impaired survival of stem and progenitor cells injected directly into a site of tissue
injury has been demonstrated by our laboratory and others [40,41]. Concordantly in this
study, we observed a dramatic decrease in MSC viability as early as 1 h post-injection. This
finding suggests that the injection of MSCs into a closed space may be inherently cytotoxic,
potentially due to shear forces during injection or the lack of cell-matrix interactions leading
to anoikis. In contrast, the use of a hydrogel scaffold for short-term MSC culture and
subsequent cell delivery significantly enhances MSC survival within the hostile wound
microenvironment. Although MSC viability within the wound gradually diminishes over
time in all conditions that we tested in this study, we have shown that the method of MSC
delivery can significantly alter the number of cells present throughout wound healing. Our
data suggest that enhanced MSC survival and function in the first two to three weeks post-
wounding is sufficient to promote accelerated wound healing and that long-term engraftment
of cells may not be necessary.

The augmentation of MSC viability through delivery within a hydrogel scaffold is in turn
associated with the improved functional outcomes of increased vascularization and

enhanced wound healing. Although previous studies have demonstrated improvements in
wound healing using injection methods to deliver MSCs into wounds [1,2,5], we did not
appreciate a significant difference in healing using this methodology. These prior studies
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used four to eight times as many MSCs as our injection studies, but we were unable to use
this high number of cells due to the logistics of cell seeding onto a small hydrogel scaffold.
We postulate that this increased therapeutic dose may account for the differences in wound
healing noted by other groups. Further while it is not evident from these experiments
whether this improvement in wound healing is due merely to an increased number of viable
MSC:s or to their enhanced regenerative potential induced by short-term culture within the
hydrogel, this continues to be an area of ongoing investigation in our laboratory.

The use of a tissue-engineered scaffold as a delivery vehicle for stem and progenitor cells
has proven beneficial for enhancement of cell engraftment in previous studies of injury
models in the heart [14] and ischemic hindlimb [41]. However, while other groups have
developed various cell delivery systems to implant stem cells into wounds [20,42], we
demononstate here the therapeutic superiority of a tissue-engineered construct for delivery
of stem cells into cutaneous wounds compared to direct injection methods. We have
demonstrated that by delivering MSCs within a biomimetic hydrogel scaffold we can
significantly augment the number of MSCs present in the wound environment throughout
the repair process. At day 28 post-wounding, the number of engrafted MSCs delivered via
the hydrogel did not appear significantly different than the number of engrafted MSCs
delivered via local injection. However, as all wounds had closed by day 14, the enhancement
of MSC engraftment efficiency at earlier time points during the inflammation and
proliferation stages of wound healing is likely more important to the functional endpoints of
wound closure and vascularization.

The differentiation of transplanted MSCs into keratinocytes, endothelial cells, sebocytes and
pericytes within cutaneous wounds has been reported by several groups [2,43,44]. However,
whether the fate of MSCs within wounds can be regulated by microenvironmental cues
within the delivery vehicle has not been previously investigated. While we did see
significantly different numbers of engrafted cells with different delivery methods, the fate of
transplanted MSCs did not appear to change significantly between local injection or
hydrogel delivery. It is possible that while survival of MSCs is promoted through the
maintainence of cell-matrix interactions and other protective factors provided by the
hydrogel, the control of stem cell fate determination may require more complex structural
and biochemical cues to be incorporated within the hydrogel design. Further, the scope of
the cell-specific markers that we investigated with immunofluorescent staining was not
broad enough to determine the ultimate fate of all GFP + MSCs delivered within our
hydrogel scaffold. There remained 8.1% of GFP + cells in the MSC-seeded scaffold-treated
wounds that we were unable to identify with our cell surface marker panel. This unidentified
population could potentially have included sebocytes, dendritic cells, or various
inflammatory cells. Given our in vitro data demonstrating that MSCs within the hydrogel
express increased levels of stemness genes, it is possible that MSCs within our hydrogel
scaffold may have enhanced plasticity to contribute to non-mesenchymal cell populations
within healing cutaneous wounds.

We provide evidence here that normal, unimpaired healing can be accelerated through the
use of an MSC-hydrogel construct. Treatment with this MSC-seeded scaffold augmented the
angiogenic response in these normal animals and was associated with an early upregulation
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of angiogenic cytokines. Although we did not evaluate the use of our MSC-seeded hydrogel
in models of pathologic healing such as that seen in diabetes, these results lead us to expect
an even greater therapeutic response in situations where the angiogenic response is impaired.

5. Conclusion

These findings demonstrate the capacity of a biomimetic hydrogel system to enhance MSC
delivery to cutaneous wounds potentially by preserving cell-matrix interactions, localizing
cells within wounds and enhancing stem cell properties. Hydrogel delivery of MSCs
significantly enhances MSC viability and engraftment compared to local injection.
Biomimetic hydrogels provide a functionalized niche for the in vivo delivery of MSCs
which accelerates normal wound healing and promotes neovascularization. Further
modifications of the hydrogel matrix to enhance its niche-like characteristics may provide
further regenerative benefits to this MSC-based therapeutic construct.
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Fig. 1.

Biocompatibility of murine MSCs within a biomimetic pullulan—collagen hydrogel. (A) Scanning micrograph of MSCs seeded
in a hydrogel scaffold for 24 h. Scale bar 100 um. (B) Live/dead assay of MSCs seeded within hydrogel in vitro. Right panel is
representative image at 14 days. Scale bar 40 pm. (C) Transwell migration assay demonstrates migratory capacity of MSCs
through the hydrogel. Scale bar 40 pm. (D) An MTT assay was used to assess MSC proliferation over seven days.
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MSC expression of stemness genes. (A): qRT-PCR analysis of Oct4, Sox2 and Klf4 gene expression in hydrogel culture versus

standard plating (dotted grey line, n = 7). (B): Western blotting of stemness genes. (C) Quantification of western blotting (n = 4).
(D): Immunofluorescent staining demonstrates that MSCs cultured within the hydrogel express increased levels of stem cell-
related genes. Scale bar 40 pm *p < 0.05.
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MSC cytokine secretion. (A): gRT-PCR analysis of key wound healing cytokines known to be secreted by MSCs (dotted grey
line indicates baseline expression of plated MSCs, n = 7). (B): Protein levels of VEGF-A and (C): MCP-1 in conditioned media
from MSCs cultured in hydrogels compared to those plated under standard conditions (n = 8). *p < 0.05.
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Co-localization of GFP + MSCs with cell-specific markers to determine MSC fate within wounds. MSCs co-localized (yellow,
arrowheads) with Hsp47 (A), NG2 (C), and CD31 (D). (B): No GFP+/K5+ cells were observed. Scale bar 20 um. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Effect of MSC delivery method on wound vascularization. (A): H&E-stained sections of day 14 wounds. Arrowheads indicate
microvessels. Scale bar 20 um (B): Microvessel counts. (C): Day 14 wounds stained for CD31 (red). Scale bar 100 um (D):
Quantification of CD31 staining intensity. (E,F): Evaluation of wound angiogenic cytokine levels at day 3 post-wounding. *p <
0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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